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Abstract 
This study addresses a robust control algorithm for automatic steering vehicles. The vehicle lateral dynamics is 
presented by a five degree-of-freedom model, which considers the nonlinear behaviors as tire force, wheel rotations, 
and forward velocity. Due to the model complexity, the analysis and design on this model is difficult to perform. To 
improve such problem, a robust control scheme which utilizes fuzzy neural network and backstepping control 
technique is investigated. The uniformly ultimately bounded stability conditions for ensuring performance are derived 
based on Lyapunov’s method. Finally, the effectiveness of the proposed approach is verified via numeric example. 
© 2011 Published by Elsevier Ltd.  
Keywords: Bicycle model; Fuzzy neural network; Backstepping control 
1. Introduction 
Automatic steering of vehicles is an important issue that has drawn much research attention of the 
automotive industries and the academics for years. With the advance of modern electric/electronics 
technology, the safety-driving systems such as electronic stabilization program (ESP), dynamic stability 
control (DSC), and automatic guidance control (AGC) have been commercialized and equipped with the 
contemporary intelligent vehicles. The kernel of these systems is the vehicle lateral control which is to 
maintain path tracking and enhance safety in critical driving situations. 
To deal with the analysis and design of vehicle lateral control system, most monographs employs 
second-order linear bicycle model [1-4] to characterize the dynamics of vehicle lateral motion. The model 
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is formulated by simplifying two wheels at each axle as one wheel at the centreline of the vehicle. The 
front and rear imaginary wheels are then connected by one dimensional rigid element with mass and 
inertia acting on the longitudinal axis. Assuming linear tire model and ignoring pitch and roll dynamics, a 
linear time-invariant (LTI) model of two degree-of-freedom (2D) is established to describe the vehicle 
lateral dynamics. Shown by experiment, the bicycle model can only present the vehicle lateral dynamics 
at low lateral acceleration. Under a moderate to high-g acceleration, the effect of nonlinear properties 
becomes prominent such that vehicle behavior cannot be predicted by this low-order model. 
In contrast to the 2D model, a nonlinear high order model that considers the effects of nonlinear tire 
dynamics, wheel rotations, and forward velocity was addressed in [5-7]. According to the reports, the 
nonlinear model can sufficiently express the vehicle lateral dynamics during high-g maneuvers. However, 
due to its model complexity, the analysis and design based on this model is quite involved [8].  
In this paper, we propose a robust control scheme to overcome the designing problem mentioned above. 
A nonlinear higher order vehicle lateral dynamics is addressed as a linear system with uncertainty. An 
adaptive fuzzy neural network (FNN) [9] is implemented to estimate the uncertainty and provides control 
compensation. The stability conditions are developed in the context of backstepping control. Finally, 
simulation results are presented to demonstrate the effectiveness of the proposed approach. 
2. System model description 
2.1. Linear time-invariant model 
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  Fig. 1. Bicycle model of vehicle dynamics.                     Fig. 2. Vehicle lateral motion. 
Fig. 1 shows the bicycle model of vehicle dynamics, in which m is the mass, zzI is the inertia, a/b is 
the respective distance from the center of gravity to the front/rear, u and v are the longitudinal and the 
lateral velocities respectively, and r is the yaw rate. The front and the rear lateral tire forces, sfF and srF ,
are assumed to be linear with respect to the slip angles fα and rα . That is, ,ααCFs = αC is the cornering 
stiffness of tire. The system dynamics is written as 
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where ),/)_(( uarvCF ffsf −= δα ,/)( uvbrCF rsr −= α and fδ  the front steering angle is driven by an 
actuator with time constant swτ .
The vehicle to path scheme is plotted in Fig. 2, where the variables y and ψ stand for the vehicle’s 
displacement and orientation with respect to the road, i.e. ψuvyr +=& and dεεψ −= . Define the state 
vector as Tfrr ttttytytx ))()()()()(()( δψψ &&= . The linear time-invariant model of lateral dynamics 
is expressed as [10] 
)()()()( tBtButAxtx win ρ++=&   (2) 
R
481Chen-Sheng Ting and Yong-Nong Chang / Procedia Engineering 29 (2012) 479 – 483 C.S. Ti   .N. Cha  / Procedia Engineering 00 (2011) 000–000 3
where )(tuin is control input, ρ  presents road curvature, and the system matrices are given as following 
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2.2. Nonlinear 5D model 
To accurately depict the lateral dynamics, Smith and Starkey [5, 6] introduced a five degree-of-
freedom model (5D). Compared with the 2D model, the 5D model dynamics consists of forward velocity, 
front and rear wheel rotation rate. The dynamis of 5D model is given by 
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where tiF and siF are tractive force and side force of one tire respectively, dC is drag coefficient, fA is
vehicle frontal area, aρ is density of air, iω is axle rotational speed, wiI is equivalent inertia at one tire, iT
is engine drive torque, iR is tire rolling radius, zF is vertical load on one tire, and brkiT is brake torque. 
Due to the limited space, we cannot address more clearly on the nonlinear 5D dynamics. The details can 
be found in [5, 6].  
3. Main results 
In this study, the nonlinear 5D dynamics is viewed as a linear system with uncertainty. The 2D model 
stands for the nominal model and the nonlinearities are manipulated as uncertainty. Consequently, the 
equation (3) is modified as 
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Compared with (2), the disturbances )(1 td and )(2 td  are included in the lateral displacement 
acceleration )(ty&& and relative yaw angle acceleration )(tψ&& . Moreover, the lateral control system (4) is in 
the form of backstepping control structure.  
The first issue of concern is controlling the state )(tx via a fictitious input, which is given by 
)(ˆ)()( tdtxKt −−=α  (5) 
where )(ˆ tdb expressed in matching form is an estimate of )(td .  The generic four-layer fuzzy neural 
network is applied to calculate )(ˆ td , 11)(
ˆ φTWtd = , where 1W is the adjustable weights vector and 1φ is the 
output vector of rule layer. It is well known that the fuzzy inference systems and neural networks are 
universal approximators [11, 12]. With 1c and σ denote the center and standard deviation of Gaussian 
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membership function, there is an optimal value 
∗
dˆ satisfying 1
*ˆ)( ε+= dbtd ,where 1ε is the minimum 
approximation error.  
Substituting (5) into (4) gives 
))(ˆ)(()())(ˆ)(()()()( tdbtdtxAtdbtdtxKbAtx −+=−+−=&  (6) 
Choose the Lyapunov function as 
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where P is a positive definite matrix, *111
~ ccc −= , *111~ www −= , 21,ηη are positive adaptation constants. 
The time derivative of 1V along the system dynamics is expressed as 
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where J1Φ denotes the Jacobian matrix of )(1 xφ and 1h presents high-order terms in Taylor series. From (8) 
and (9), we have 
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Assume 1Δ  is bounded by a positive real N1ε .  If the adaptive tuning laws are defined as 
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then N
T PxxQxV 11 2 ε+−≤& . If )(/ min1 QPx N λε> , then 01 ≤V& , which implies the control system is 
uniformly ultimately bounded.  
With the new variable αδδ −= ff~ , the system dynamics is rewritten as 
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The time derivative of )(tα is
))(ˆ)(()()()(ˆ)()( tdtdKtbKtxAKtdtxKt f
&&&& +−−−=−−= δα  (13) 
Let )(ˆ)()( tdtdKtg
&+= and 22ˆ φTwg = be its estimate. Assuming that the optimal estimate is ∗gˆ , we have 
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where J2Φ is the Jacobian matrix and 2h denotes high-order terms. Choose the control input 
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where β is supervisory control gain. Select the second Lyapunov functional candidate  
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with ∗−= βββ~ . By using the following adaptive laws  
||,
~
,
~
32222212 ff
T
Jf wwc δγβφδγδγ ==Φ= &&& , (17)
it can be shown that 211
2
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2)( fN kPxxQV δελ −+−≤& and the uniformly ultimately bounded 
stability is obtained. 
4. Numeric example 
The simulation is to examine the performance of control system to a step lane change [5] as vehicle is 
travelling along a straight road. The distance of lane changeover is 3.6m. A linear controller formulated 
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on the nominal model (2) at the normal speed 15m/sec is included for comparison.The actual forward 
speed is 25m/sec. Fig. 3 and Fig. 4 show the result. It can be seen the linear controller is inadequate to 
control for being unstable. In contrast, the proposed robust controller can perform well. 
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Fig. 3. Response of lateral displacement.       Fig. 4. Response of yaw rate.
5. Conclusions 
In this study, a robust FNN control method is investigated for vehicle lateral dynamic systems. To ease 
the designing work, the nonlinear 5D dynamics is depicted as an integration of a linear 2D model for its 
applicability and a disturbance for representing nonlinearities. The analysis and synthesis of system are 
carried out in the context of backstepping control strategy. A uniformly ultimately bounded stability is 
established to ensure satisfactory control of global system. The comparative simulations show that the 
performance of the proposed approach improves considerably, in terms of driving safety and ride comfort. 
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